We investigated the effects of administration of single amino acids to starved rats on the regulation of protein synthesis in the liver. Of all the amino acids tested, only alanine, ornithine and proline promoted statistically significant increases in the extent of hepatic polyribosome aggregation. The 
INTRODUCTION
There is now a large body of information indicating that amino acids carry out important physiological regulatory functions in addition to their role as protein constituents or energy fuels. The role of amino acids as neurotransmitters in the central nervous system is now very well established [1] . In non-excitable tissues amino acids have also been reported to control a large variety of metabolic processes. Hormone secretion [2, 3] , glycogen synthesis [4] , gluconeogenesis [5] [6] [7] , ureogenesis [8] , pancreatic secretion [9] , protein synthesis [10, 11] and degradation [12, 13] , among others, are known to be influenced by the presence of amino acids, in a manner that cannot be merely explained by their potential value as energy fuels. The regulatory significance of most of these observations remains to be established, since the information has been obtained under non-physiological conditions with high concentrations of amino acids and isolated organs, cells or enzymes as experimental models. However, in support of a possible regulatory role of amino acids in vivo are the observations that changes in the metabolic activity of the intact animal attained by food deprivation [14] , pathological processes [15] or hormone administration [16, 17] are always accompanied by distinct changes in the amino acid patterns of plasma and tissues.
Two lines of evidence suggest that hepatic protein synthesis can be controlled by the amino acid supply. Firstly, perfusion of isolated rat livers with mixtures of amino acids at 10 times their normal plasma concentrations maintains maximal rates of protein synthesis and prevents polyribosomal breakdown [18] . Secondly, protein synthesis in isolated rat cells is stimulated by certain individual amino acids at concentrations within their physiological range [19, 20] . The significance of these observations remains unclear, largely owing to uncertainties about the methodology utilized for measuring protein synthesis. The problem is even more complicated if we take into account that the response of liver-cell protein synthesis to amino acids is highly influenced by the nutritional status [21, 22] .
The present work is an attempt to clarify the physiological role of amino acids in the control of hepatic protein synthesis in vivo. For this purpose we have studied parameters of protein synthesis in vivo, which are independent of variations in the specific radioactivity of the amino acid precursor [23, 24] . It The animals were anaesthetized with Nembutal (40 mg/kg body wt.) about 10 min before they were surgically manipulated. Small liver biopsies were taken as previously described [24] and immediately frozen with aluminium clamps cooled in liquid N2 [25] . Blood was taken with heparinized syringes from the aortic bifurcation, and plasma samples were collected.
Analytical techniques
Determination of the state of aggregation of hepatic polyribosomes. The polyribosomal profiles were obtained from homogenates ofliver biopsies that were immediately cooled by immersion in ice-cold buffer A (50 mMtriethanolamine, pH 7.3, 5 mM-MgCl2 and 25 mM-KCl). After the addition of sodium deoxycholate (final concn.
1.3 %, w/v), the extracts were centrifuged at 10000 g for 10 min. The polyribosomes were purified by centrifugation through discontinuous sucrose gradients, made up as previously described [24] , for 16 h at 55000 rev./min in a Beckman 65 fixed-angle rotor. The discontinuous sucrose gradients contained 10% liver cell sap, known to content a potent inhibitor of ribonucleases [26, 27] . The pellets were resuspended in 0.2 ml of buffer A, and approx. 2 A260 units were layered on 5 ml linear 20-40% (w/v) sucrose gradient made up in the same buffer. The gradients were centrifuged in a Beckman SW 50.1 rotor for 35 min at 45000 rev. /min, and then pumped from the bottom of the tube through the flow cell of an Isco u.v.-monitoring system, and the A254 was continuously recorded. Determination of the rate of elongation of hepatic polypeptide chains. This was done by measuring the distribution of radioactivity incorporated into nascent peptides (n) on the polyribosomes and into total peptides (t). For these determinations, 20 ,sCi of [3H] valine was injected into the portal vein of anaesthetized rats, and at the indicated times small biopsies (about 1 g) were taken in such a way that only two biopsies were taken from each liver (at 0.5 and 1.5 min or at 1 and 2 min, respectively). To prevent haemorrhage, liver lobules were ligated immediately before the biopsies were taken. The details of the procedure for the determination of polypeptide-chain completion times were as previously described [23, 24] . The rate of elongation was calculated from the determined time of completion of peptide chains, that is the time needed for the ratio of radioactivity incorporated in nascent peptides into the polyribosomes to the radioactivity incorporated into total peptides (n/t) to be decreased by 50%. HC104. After centrifugation at 13000 g for 5 min, 0.7 ml portions of the supernatant were adjusted to pH 2 with 1 M-lithium citrate, pH 1.3. The concentration of the different amino acids was determined by liquid chromatography.
Isolation and incubation of rat liver cells
For the preparation of isolated liver cells, the animals were not fed for 48 h before their experimental use. The procedure for isolation was described previously [28] . The cells were incubated in Krebs-Ringer bicarbonate buffer containing 2% Ficoll 70 (Mr 70000). The pH of the incubation mixture was 7.4 after equilibration with 02/C02 (19: 1) . L-[3H]Valine was utilized as the amino acid precursor, since this amino acid is poorly oxidized or transaminated by the liver cells [29] . Routinely, 1 ml portions of liver cells (40-60 mg wet wt./ml) were placed in plastic 25 ml Erlenmeyer flasks and incubated at 36.5°C in a rotary shaker. The incubation medium contained 0.5 mM-L-[3H]valine (sp. radioactivity 10 Ci/ mol). This concentration seems to be near saturation [20] ; thus minor changes in the size of the valine pool utilized for protein synthesis would not induce appreciable changes in the rate of protein labelling. At the end of the experiment, triplicate samples (0.1 ml) were immediately added to cold 10% trichloroacetic acid and processed as previously described [20] .
The rate of utilization of alanine by liver cells was determined as follows: 2 ml portions of the cell suspension, made up in Krebs-Ringer/Ficoll 70 medium, were incubated at 36.5°C in a rotary shaker. Samples (0.8 ml) were taken at zero time and after 1 h of incubation and immediately acidified with 7% HCl04.
After removal ofthe acid-insoluble material by centrifugation, the samples were adjusted to pH 7 with 3 M-KOH. The precipitate formed was removed by centrifugation, and a 0.8 ml sample of the supernatant was adjusted to pH 2 by addition of 1 M-lithium citrate, pH 1.3. Alanine concentration was determined by ion-exchange liquid chromatography. The gluconeogenic rate was determined as previously described [20] .
RESULTS
Effect of the administration of glucose, pyruvate or individual amino acids to starved rats on the state of aggregation of hepatic polyribosomes Starvation for 48 h in the rat was accompanied by a pronounced breakdown of hepatic polyribosomes (Figs. la and lb). This observation agrees with others made in liver [31, 32] and other tissues [31, 33, 34] , which indicate that in starved animals the rate of initiation of protein synthesis is decreased. Fig. 1 1.0 increasing the polyribosomal fraction. It is unlikely that the action of these compounds was mediated by increased insulin secretion, since administration of this hormone by itself had no detectable effects (Fig. 2d) . Of all the amino acids tested, only alanine, proline and ornithine displayed significant effects in increasing the proportion of ribosomes in polyribosomes. Alanine had a particularly striking effect, restoring the state of polyribosomal aggregation to the normal 'fed' values. Table 2 shows the plasma and hepatic contents of amino acids in fed and starved rats. The hepatic content, as well as the ratio of liver to plasma concentrations, of all amino acids was either decreased or not changed in the starved animals, with glutamine, methionine and tryptophan being the only exceptions. This observation probably reflects the utilization of amino acids to meet the increased gluconeogenic demand characteristic of the starved state [35, 36] . The most pronounced changes were in the hepatic contents of ornithine and alanine, the very amino acids whose exogenous administration restored the polyribosomal state of aggregation ( Fig. 1 and Table  1 ). It therefore seems plausible to conclude that their availability could somehow control the rate of hepatic protein synthesis. Although proline also increased polyribosomal aggregation in starved rats (Table 1) , its hepatic content did not change significantly (Table 2) . Thus the physiological significance of the proline effect is doubtful. Table 3 shows the influence of the administration in vivo of glucose, pyruvate or individual amino acids on the hepatic concentrations of alanine and ornithine. Only those agents capable of inducing polyribosomal aggregation, with the single exception of proline, induced significant increases in the hepatic content of alanine. In contrast, similar increases were observed in ornithine content regardless of the administered agent. Since ornithine administration increases alanine even above the value in fed liver, this observation suggests that this amino acid could act on protein synthesis through its ability to raise the hepatic alanine content. It has been previously reported that administration of tryptophan to starved animals [37, 38] or administration of threonine to rats maintained on a threonine-free diet [39] also results in increased polyribosomal aggregation. However, under our experimental conditions, there is no correlation between the effect of glucose, pyruvate or several individual amino acids on the polyribosomal aggregation and the hepatic content of threonine or tryptophan (results not shown). Moreover, during starvation, where polyribosomal breakdown increases, the hepatic content of threonine does not change significantly, and the tryptophan content, in agreement with a previous report [40] , increases ( Table  2 ). The data presented above suggest that alanine could be playing an important regulatory role in hepatic protein synthesis.
Effect of alanine on the rate of hepatic polypeptide-chain elongation in vivo
The rate ofpolypeptide-chain elongation was measured after alanine administration by determination of the polypeptide-chain completion time. Fig. 3 shows how the administration of alanine increases the rate of decay of the n/t ratio. This change in slope implies a 30% decrease in the time taken to assemble average polypeptide chains. Assuming a ribosome content of 3 nmol/g wet wt. [24] and taking into account the proportion of ribosomes in polyribosomes (Fig. 1) , these alanine administered to starved rats is rapidly converted into glucose in the liver. For this reason, experiments were designed to ascertain whether alanine had to be metabolized in order to exert its effect on hepatic protein synthesis. L-Cycloserine, a potent inhibitor of alanine aminotransferase [42] , was utilized to prevent pyruvate formation and its further conversion into glucose. In order to simplify and improve the accuracy, each animal was used as its own control. At 20 min after the intraperitoneal administration of 100 ,mol of L-cycloserine, a liver biopsy was taken by ligating one of the small liver lobules. Immediately thereafter, 90 ,umol of alanine dissolved in 0.2 ml of 0.9% NaCl was injected intraportally, and a second biopsy was taken 10 min later. Under these conditions alanine raised the polyribosomal fraction from 2.7 + 0.45 to 3.65 + 0.8 (mean + S.E.M. of nine experiments), strongly suggesting that its metabolic conversion may not be required to exert its action on protein synthesis. However, administration of L-cycloserine induced a significant hyperglycaemia, raising the possibility that glucose and not alanine is the effector molecule. To clarify this point further, experiments were carried out under more controlled conditions, with liver cells as the experimental model. Concentrations of the inhibitor as low as 0.1 mm produced a 75% inhibition of alanine utilization (results not shown). In Fig. 4 the rates of protein labelling and glucose production in liver cells as a function of cycloserine concentration are represented. A near-saturating concentration of the radiolabelled precursor was used in order to prevent artifacts owing to changes in specific radioactivity of the precursor secondary to dilution of the radioisotope [20] . The data in Fig. 4 show that alanine stimulates protein labelling even at concentrations of the inhibitor which fully prevented its conversion into glucose. This clear-cut dissociation between the gluconeogenic capacity of alanine and its ability to stimulate protein labelling offers firm experimental support for the conclusion that this amino acid acts as a positive effector of protein synthesis, regardless of its metabolic fate.
Ornithine is able to stimulate protein labelling in isolated liver cells by 32%. This stimulatory effect is absent in the presence of L-cycloserine (results not shown). This result offers further support to the Vol. 241 conclusion that the effect of ornithine is mediated by its metabolism, probably through an increase in alanine concentration.
DISCUSSION
Correlation between the ability of individual amino acids to restore protein synthesis and their hepatic content The ability of alanine aminotransferase to maintain its reactants at near-equilibrium [12, 43] explains the increase in the hepatic steady-state concentrations of alanine after administration of glucose, pyruvate or ornithine. The last would increase alanine through an increased glutamate formation by ornithine transaminase [44] . Glucose can increase alanine formation in at least two different ways: by decreasing the flux of alanine to glucose and/or by increasing pyruvate formation. A positive correlation between pyruvate availability and alanine formation in liver has been previously reported [45] . According to these considerations, it seems plausible to conclude that, under physiological conditions, in which neither total amino acid supply nor energy availability is limiting, the rate of hepatic protein synthesis can be finely controlled by the availability of some key amino acids, particularly alanine. This conclusion seems to be supported by the observations that in hypophysectomized animals [46] , as well as in those maintained on a protein-free diet [21] [47] and that it also stimulates glycogen synthesis by a mechanism independent of the incorporation of its carbon moieties [48] seem to support the latter possibility. The potential role of specific amino acids as metabolic effectors is also illustrated by a report that leucine stimulates skeletal-muscle protein synthesis by a mechanism which is not related to its metabolic fate [49] .
The evidence in the present paper (Table 1) , in conjunction with the observation that in perfused isolated liver deprived of amino acids a decreased rate of formation of 40S initiation complexes is detected [50] , strongly suggests that alanine exerts its action at the initiation step. A similar conclusion has been reached by using tumour cells deprived of amino acids [51, 52] . The observation that the alanine effect in vivo on the initiation step is accompanied by a stimulation of peptide-chain elongation (Fig. 3) raises the question of whether a coupling exists between these two steps. However, the possibility that both steps could be simultaneously controlled by alanine, or by a mediator sensitive to alanine, cannot be excluded.
Regarding the effect of alanine on the elongation step, work in liver [49, 53] and in other systems [51, 54] supports the conclusion that no correlation seems to exist between protein-synthesis activity and amount of aminoacylated tRNA. In any case it is likely that tRNA is fully charged under any physiological condition, with the result that uncharged tRNA amounts never become high enough to perturb protein synthesis when amino acid availability is decreased. However, the finding of an increased phosphorylation of the tRNA synthetase complex in starved animals [55] In the starved state, survival relies mainly on the ability of the liver to increase its glucose production in order to meet the requirements of the central nervous system. Since glucose can only be formed de novo from amino acids, it is obvious that a co-ordination between the metabolic pathways leading to their production and utilization is required. The finding that exogenously added alanine or the rise in its concentration by other means leads to a restoration of hepatic protein synthesis in starved rats indicates that a decrease in its concentration during starvation plays the important role of channelling the carbon skeletons of amino acids towards the vital function of glucose production. Since alanine also inhibits hepatic proteolysis [12] , its decrease in the starved state creates optimal conditions for gluconeogenesis by increasing the amino acid supply from protein breakdown and preventing their use for protein synthesis. From the above considerations it seems logical to conclude that those mechanisms controlling the alanine production and/or utilization might indirectly control hepatic protein synthesis. In the starved animal about 50% of the hepatic glucose output comes from alanine [41, 56] , and this amino acid is also quantitatively the most important released by skeletal muscle [57, 58] . Since alanine is formed from glucose moieties in skeletal muscle [59] , a glucose-alanine cycle occurs between liver and skeletal muscle [41, 60] . This cycle implies no net transport of carbon; apparently it serves the function of transporting ammonia from muscle to liver for its further conversion into urea. From the results presented herein, it is obvious that this cycle, by setting the steady-state concentrations of alanine, is actually controlling the rate of hepatic protein synthesis.
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